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This work reports the development of uncooled spectrally selective mid-infrared (IR) detectors 
based on the seamless integration of metamaterial (MM) structures with 
microelectromechanical (MEMS) AlN resonators. Historically, uncooled absorbers have been 
limited in two key metrics: selectivity, the ability to distinguish distinct wavelengths of incident 
light, and sensitivity, the ability to detect low level amounts of radiation. In recent years, 
research has been done on improving these metrics using spectrally selective MM absorbers 
and highly sensitive MEMS detectors. In this thesis, the full hybridization of MM absorbers and 
MEMS resonators is demonstrated. The complete coverage of the resonator surface with both 
polarized and unpolarized MM results in high mid-IR absorption >80 % at an optimized spectral 
wavelength of 9.6 μm with a Full Width at Half Maximum (FWHM) of 1.02 μm without 
compromising resonator acoustic performance. A novel detector readout has also been 
implemented to boost sensitivity as well as to linearly convert incident IR power to a DC voltage 
for optimum integration into focal plane arrays (FPAs). A sensitivity metric called the 
temperature coefficient of reflection coefficient (TCΓ) is defined which is analogous to the 
temperature coefficient of resistance (TCR) described for conventional uncooled bolometer IR 
detectors. TCΓ values of 6% were measured, matching the state of the art TCR values of 
microbolometers which are typically 3-5%. Future optimization of device structure and 
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Chapter 1. Introduction 
The history of infrared (IR) detection is relatively brief, dating back to 1800 when William Herschel 
first observed infrared radiation while conducting experiments on the temperature of a 
thermometer due to different colors of light split from a prism. What he discovered was that the 
highest temperature in his thermometer occurred just beyond the red, a range of wavelengths 
that later became known as infrared. Over the next one hundred years, research into 
thermodynamics (Stefan – 1879, Boltzmann – 1884), photoconductive materials (Smith – 1873) 
and the photoelectric effect (Einstein – 1905) resulted in the emergence of the first detectors 
capable of detecting infrared radiation. By the early 1900s, two types of detectors had emerged, 
photon and thermal, and they remain the dominant types of infrared detectors today [1]. 
1.1. Photon Detectors 
Around the time of World War II, photoelectric infrared sensors such as lead sulphide (PbS) 
experienced a research boom, as countries on both sides of the war sought to produce high-
sensitivity detectors for wartime applications, particularly airborne IR detection. These 
photoconductive semiconductors exhibited high sensitivity in comparison to contemporary 
thermal detectors with the semiconductor bandgap determining the detector selectivity to 
various wavelengths of infrared light. Due to the relative success of these photoelectric detectors 
during and after the war, these detectors, which came to be known as phonon detectors, 
dominated the infrared market until the 1970s, propelled by military research into night vision 
and missile tracking as well as advances in semiconductor research. 
In photon detectors, the semiconductor material absorbs incident IR radiation via the interactions 
between the incident photons and either free or bound electrons (Fig. 1.1). The detector output 
is then the observed electronic current generated by the incident light. Photon detectors typically 
exhibit higher signal-to-noise performance and faster response times relative to thermal detectors 
[2]. However, to achieve this, they typically require cryogenic cooling to prevent the thermal 
generation of charge carriers which increase noise and decrease sensitivity. By the 1960s, narrow 
bandgap semiconductor alloys such as indium arsonide antimonide (InAs1-xSbx) and mercury 
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cadmium telluride (Hg1-xCdxTe or MCT) were introduced. The bandgaps of these semiconductors 
were tunable, allowing for variable spectral response that could be tailored for specific 
applications. In particular, MCT detectors showed great promise after Bill Lawson and his team 
showed that the photoconductive response of MCT could be extended past 12 μm. The discovery 
that MCT could span the entire IR spectrum, covering near IR (750 nm – 1 um), short wavelength 
IR (SWIR: 1-3 μm), middle wavelength IR (MWIR: 3-5 μm), long wavelength IR (LWIR: 8-14 μm) and 
very long wavelength IR (VLWIR: 14-30 μm) lead to MCT thermal detectors being the dominant 
infrared detector of the late 20th century, and they remain the dominant variable bandgap 
semiconductor IR photodetector today. Despite the ever increasing number of competitors, such 
as Schottky barriers on silicon [3], quantum well [4], and high temperature superconductor 
detectors [5], MCT detectors set the state-of-the-art (SOA) of IR detectors in terms of detectivity 









where A is the surface area of the detector exposed to incident IR radiation and NEP is the noise 
equivalent power. NEP is the principle measure of sensitivity in thermal detectors. Additionally, 
the thermal time constant for MCT detectors can be lower than 100 ns. However, the size and 
cost of the cryogenic cooling of photon detectors makes them inconvenient for many uses, 
particularly imaging application requiring large arrays of detectors [6]. Therefore, despite the 
   
Fig. 1.1. Fundamental optical excitation processes in semiconductors: (a) intrinsic absorption, (b) 




dominance of photon detectors in the second half of the 20th century, particularly for military 
applications, research on improving uncooled thermal detectors has continued. 
1.2. Thermal Detectors 
Thermal detectors operate due to material changes in the detector that result from temperature 
changes as incident IR radiation is absorbed. There are multiple types of thermal detectors 
including bolometers [7], thermopiles [8] and pyroelectrics [9]. Of those, bolometers (a typical 
design is shown in Fig. 1.2) are by far the most popular, occupying about 95% of the market. The 
detection mechanism of bolometers leverages the change in metal conductivity induced by 
temperature variations. Since thermal detectors do not depend on the photon interaction of the 
incident radiation with the detector material they traditionally have been wavelength 
independent, as well as slower and less sensitive. As a result, research into thermal detectors 
lagged behind photon detectors as the majority of military research spending on IR went towards 
HCT detectors. However, in the 1970s researchers at Texas Instruments developed 
micromachined vanadium oxide (VOx) bolometers, allowing batch fabrication of large arrays of 
uncooled detectors, resulting in a resurgence in research into uncooled detectors as the desire for 
large focal plane arrays grew. 
 
   




Focal plane arrays (FPAs) consist of arrays of individual detector pixel elements located at the focal 
plane of an imaging system and are electronically scanned using circuits integrated into the array 
in order to produce large images. Although arrays are made from cooled photon detectors, the 
cost and bulkiness of cooling large arrays are prohibitive for portable applications. Consequently, 
despite the relatively poor performance of uncooled thermal detectors, the majority of IR imaging 
arrays are implemented using microbolometers. Currently, we are in the midst of an uncooled 
thermography boom (Fig. 1.3), with commercial applications in surveillance and automotive 
representing a greater than three billion dollar industry. Additionally, there is a military demand 
for weapon sights, portable goggles and vehicle vision enhancement and more, despite poor 
performance in comparison with photon detectors. Of all the infrared regimes, LWIR generates 
the highest commercial and military interest because it covers body and elevated temperatures 
and has negligible atmospheric propagation loss. The key figures of merit (FoMs) for FPAs are 
generally the speed and noise equivalent temperature difference (NETD).  NETD is defined as the 
temperature difference between an array element and the background that produces a signal in 
the detector equal to the rms value of the detector noise. For uncooled detectors the NETD and τ 
are typically > 35 mK and < 10 ms respectively, while cooled photon detector arrays can have NETD 
and τ values < 15 mK and < 1 μs [10]. Typical performances of commercial cooled and uncooled 
FPAs are given in Appendix A. 
Despite the rapid growth of thermal imaging systems, many potential commercial applications 
remain unavailable to uncooled systems due to the relatively poor performance. One such 
example is in gas sensing. Over the last decade there has been a surge in natural gas mining, and 
   




it is on pace to pass coal as the largest generator of electricity in the United States by 2017. 
Nevertheless, the natural resources defense council estimates that 2-3% of all natural gas 
produced in the United States is lost to leaks or vented into the atmosphere which represents 
more than two billion dollars in lost potential profits. Narrowband LWIR detectors are ideally 
suited for detecting methane gas due to its high, narrow band absorption of IR light near 8 μm. 
Uncooled thermal detectors often lack the sensitivity to detect small gas leaks, which over time 
can represent large financial losses. However, although cooled photon detectors are capable of 
highly sensitive, narrow band detection, their cost offsets potential savings and their bulk results 
in a lack of portability, requiring multiple stationary sensors to fill the role of a single mobile one. 
Another massive potential market that is currently unsatisfied by either cooled photon detectors 
or uncooled thermal detectors is the smart phone imaging/sensor markets. The size of cryogenic 
systems makes them unsuited for smartphones where lightweight portability is prized but the 
sensitivity of thermal detectors is equally unsuited for the high-resolution pictures and videos that 
consumers desire. Consequently, there is a multibillion dollar market available for LWIR thermal 
detectors that can approach photonic performance without sacrificing size or cost. 
1.3. Uncooled MEMS Resonant Detectors 
Recent advances in Micro/NanoElectroMechanical (MEM/NEM) resonators have led to a growing 
interest in leveraging the mechanical resonance to improve uncooled, high-precision detection 
and imaging of infrared (IR) radiation [11]. MEMS resonant sensors detect the shift in resonant 
frequency that occurs due to the thermal expansion and temperature dependent elastic constant 
during heating [12] from absorbed infrared light. Their high Q resonances, fast thermal response, 
and integration compatibility with CMOS hold great potential for closing the performance gap 
between photodetectors and conventional thermal detectors while maintaining the low cost in 
manufacturing. Additionally, the high operation frequency results in negligible 1/f noise [13] and 
the resonators draw much less power than bolometers due to the lack of direct current in the 
detector. Consequently, resonant MEMS detectors based on quartz [14], gallium nitride [15], and 
aluminum nitride (AlN) [16] have all been explored for IR detection in the past few years with 
promising results. In fact, quartz devices with NETDs of less than 5 mK have been reported, 
comparing favorably with cooled photonic FPAs [14]. 
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In addition to the aforementioned advancements, some recent effort has also been focusing on 
introducing wavelength selectivity into thermal detectors [17], [18]. Conventional thermal 
detectors are typically wavelength insensitive, since they have no wavelength dependent photon 
interaction and instead rely on the broadband absorption spectrum of their absorbing layer. For 
resonant MEMS detectors, this typically involved a thin lossy dielectric (e.g. vanadium oxide (VOx) 
or amorphous silicon (a-Si)) on top of the resonator. The extra absorbing layer results in 
compromised electromechanical performance due to mechanical loading of the film while only 
providing approximately 50% absorption of incident light with no wavelength selectivity. 
 However, MEMS detectors have recently been shown to be compatible with frequency selective 
metasurfaces, subsequently demonstrating uncooled operation with high absorption and high 
spectral selectivity. The material structure of conventional MEMS resonators, specifically the 
suspended stack of bottom metal, piezoelectric insulator and top metal, is similar to that of 
metamaterial (MM) perfect absorbers (MPAs), which consist of a patterned top electrode, lossy 
dielectric insulator and bottom electrode. One potential combination of MEMS resonators with 
MM structures is to replace the conventional VOx or a-Si absorber on top of the resonator with a 
MPA with improved absorptance and spectral selectivity, which has been investigated with 
promising results [19]. Another method is to leverage the structural similarity to allow the co-
fabrication of both the MEMS and MPA structure in a single film stack where the dielectric and 
electrode layers provide dual functionality in the acoustic and optical regimes without the 
mechanical loading of an additional absorbing film on the surface of the resonator [20]. These 
hybrid detectors feature the high sensitivity and speed of conventional MEMS detectors as well 
as the spectral selectivity and high absorption of MPAs, creating the potential to significantly 
surpass the performance of conventional microbolometers.  
The remainder of this thesis is laid out as follows. Chapter 2 gives an overview of MEMS 
resonators for use in thermal sensing will be covered, with emphasis on the physical operation, 
fabrication and sensing figures of merit (FoM). In Chapter 3, the use of MM to form “perfect” 
absorbers is discussed, with an emphasis on the physics and modeling. Chapter 4 provides the 
body of the new work done as part of this thesis, specifically the design and implementation of 
hybrid MEMS and MM infrared detectors, dubbed to as MEM3S detectors, the design of a novel 
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readout method for sensitivity enhancement and convenient implementation into focal plane 
arrays (FPAs), the implementation of the MEM3S sensor in FPAs, and novel noise equivalent 
power (NEP) FoM enhancement techniques. Finally, Chapter 5 provides conclusions drawn from 




Chapter 2. Design of Piezoelectric MEMS Resonators for Sensing 
Resonant MEMS infrared detectors leverage the shift in mechanical resonant frequency due to a 
temperature change in the piezoelectric material that results from the absorption of infrared light. 
The mechanisms for understanding and maximizing infrared absorption will be addressed in 
Chapter 3. In this chapter, the acoustic properties of the MEMS IR detectors are explored, with 
emphasis placed on physical operation and the relevant FOM for resonant thermal sensing. 
2.1. Laterally Vibrating MEMS Resonators (LVRs) 
A typical contour mode MEMS thermal detector consists of a suspended piezoelectric thin film 
sandwiched between bottom and top electrodes as shown in Fig. (2.1). The suspended film stack 
is released from the underlying silicon substrate to vibrate freely in the lateral direction, and is 
suspended from thin anchors which provide mechanical support and electrical contact to the 
electrodes. An RF signal is connected to the top electrodes while the bottom electrodes are 
grounded, resulting in an oscillating electric field in the piezoelectric film. The electric field causes 
lateral expansion and compression of the resonator via the d31 piezoelectric coefficient [21], 
where the resonant frequency of the acoustic vibrations is set by the in-plane dimensions of the 
resonator. More commonly, a LVR device is configured with multiple interdigitated electrodes for 
overmoded operation [22]. In that case, the resonant frequency is generally set by the electrode 
pitch Wp. Consequently, LVRs have the significant advantage over other types of resonant devices 
   
Fig. 2.1. (a) Schematic of two modes of excitation for LVRs and (b) SEM image of a typical lateral 




such as Film Bulk Acoustic Resonators (FBARs) and Surface Acoustic Wave (SAW) resonators 
because the resonant frequency can be set at the CAD level, allowing resonators of multiple 
frequencies easily implemented on the same chip.  
2.2. Modeling MEMS Resonators 
 
The equivalent electrical model of single port resonators can be described via the modified 
Butterworth Van Dyke (MBVD) model [23] as shown in Fig. 2.2. The static capacitance term, C0, 
results from the fringing fields between the electrodes, and is generally extracted experimentally 
along with the parasitic series resistance, Rs, due to electrode losses and R0 the losses in the 
substrate. The motional resistance, Rm, inductance, Lm, and capacitance, Cm, are the electrical 
parameters equivalent to damping, mass, and compliance respectively, and for rectangular plate 

































where kt2 is the electromechanical coupling coefficient and the resonant frequency 𝜔𝑠 is given by 
  
 
Fig. 2.2. (a) MBVD equivalent circuit. (b) COMSOL simulated vibration mode of  LVR. (c) 
















and Wp is the pitch width of the exciting electrodes, Eeq is the equivalent Young’s modulus of the 
film stack, ρeq is the equivalent stack density, and vp is the lateral acoustic phase velocity in the 
piezoelectric film. 
The impedance of the resonator can then be described by: 
 
𝑍 = 𝑅𝑠 + (𝑅0 +
1
𝑗𝜔𝐶0




A characteristic plot of the resonator admittance generated from the MBVD model is shown in 
Fig. 2.2. The response features a series resonance, where the motional capacitance and 
inductance components tune out each other, and result in a maximum admittance, and a parallel 
resonance, where admittance is at a minimum.  Between the series and parallel resonances, an 
abrupt transition from low to high impedance occurs. The series resonance exhibits a linear 
temperature dependence around room temperature that can be leveraged to infrared sensing as 
will be discussed later in this chapter.  
Additional modeling of resonator structures was conducted using finite element method (FEM) 
simulation in COMSOL and modal harmonic simulation in Coventor. COMSOL is a powerful multi-
physics simulation tool that allows for the simulation of a multitude of modalities simultaneously 
for either two-dimensional or three-dimensional structures. For infrared detectors, it is most 
useful to model the thermal characteristics, such as the thermal time constant and thermal 
capacitance, and the acoustic properties, such as resonant mode shape and admittance. As seen 





The general process for laterally vibrating MEMS device fabrication is shown in Fig. 2.3:  
• (1-2) A high resistivity silicon (Si) wafer is patterned by photolithography and then 
electrodes are deposited by evaporation and defined by liftoff. 
• (3) A high quality piezoelectric thin film layer is sputtered onto the wafer.  
• (4) Top electrodes are patterned by photolithography, deposited by sputtering and then 
defined by liftoff. 
• (5) The resonator body is defined using inductively couple plasma reactive ion etching and 
then the resonator body released by a xenon difluoride (XeF2) dry etch.  
The entire process is CMOS compatible and due to the dependence of resonant frequency on 
electrode dimensions, devices with a range of resonances can be fabricated monolithically. An 
in-depth description of the fabrication processes and tools can be found in Appendix B. 
2.4. MEMS Resonant Sensing 
Laterally vibrating MEMS resonator sensors leverage the shift in resonant frequency due to 
outside stimuli. Therefore, MEMS sensors can detect multiple modalities by leveraging the 
resonance dependence on temperature [24], applied stress [25], mass loading [26] etc. The 
following discussion focuses on the thermal modality which can best be exploited for IR sensing. 
   
Fig 2.3. (a) Simplified fabrication flow chart and (b) scanning electron microscopy (SEM) image 




The relative change in resonant frequency as a function of temperature, denoted as the 








where f is the temperature-dependent resonant frequency and TCF is expressed in parts per 
million per Kelvin (ppm/K). The temperature-dependence of the resonant frequency is due to the 
thermal expansion and general softening of device materials as they are heated. The temperature-
dependent change in length and elasticity are given by: 
 𝑊𝑝(𝑇) = 𝑊𝑝(𝑇0)[1 + (𝐿𝐶𝑇𝐸)(𝑇 − 𝑇0)] (2.7) 
 𝐸𝑒𝑞(𝑇) = 𝐸𝑒𝑞(𝑇0)[1 + (𝑇𝐶𝐸)(𝑇 − 𝑇0)] (2.8) 
where LCTE is the linear coefficient of thermal expansion and TCE is the thermal coefficient of 
elasticity. Some thin films such as AlN are well suited for thermal detectors due to its relatively 
large TCF, typically between -25 to -30 ppm/K, but it has been shown that for films thinner than 
500 nm the TCF can be larger than -50 ppm/K [27] resulting in an increase in sensitivity. Therefore, 
as the resonator detector absorbs infrared radiation, which will be discussed in length in Chapter 
3, the detector heats up, resulting in a decrease in resonant frequency (Fig. 2.4).  The frequency 
shift can be monitored to determine the change in temperature of the resonator and the 
  
 














where Pin is the incident IR power, ω is the modulation frequency of the incident IR radiation, η is 
the absorption coefficient, Gth is the thermal conductance and Cth is the thermal capacitance of 
the detector. The resulting resonant frequency shift of the detector is then: 
 ∆𝑓 = 𝑓0 ∙ 𝑇𝐶𝐹 ∙ ∆𝑇 (2.10) 
2.5. Figure of Merit 
For thermal detectors, the primary FoM, namely sensitivity, is most often given in terms of the 
noise equivalent power (NEP). The NEP represents the minimum detectable IR power and is 













Traditionally, the output of resonant thermal detectors has been a frequency shift, which can be 
directly measured using a frequency domain characterization tool (e.g. network analyzer), in 











where Rth is the thermal resistance of the detector and is defined as the inverse of the thermal 
conductance. For attaining a low NEP, a large responsivity is desired. The responsivity can be 
increased by maximizing the absorption coefficient (which is discussed in Chapter 3), increasing 
the TCF, or increasing the thermal resistance. The TCF is largely material dependent, however, it 
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has been shown that for some films, decreasing the thickness of the film below 500 nm can result 
in an increased resonator TCF [27]. Nevertheless, ultrathin films have additional considerations, 
such as increased fabrication complexity, higher stress, and lower quality factor, limiting the 
advantages of minimizing film thickness. The responsivity can also be increased by decreasing the 
thermal conductance and thermal capacitance. The thermal capacitance is given by: 
 𝐶𝑡ℎ = ∑ 𝜌𝑛(𝐶𝑝)𝑛𝑉𝑛
𝑛
 (2.13) 
where ρ is the material density, Cp is the specific heat capacity and V is the material volume for a 
stack made of n materials such as the bottom electrode, piezoelectric film, and top electrodes. 
Likewise, the thermal conductance can be written as the sum of the individual thermal 
conductances: 
 𝐺𝑡ℎ = 𝐺𝑎𝑛𝑐ℎ𝑜𝑟𝑠 + 𝐺𝑟𝑎𝑑 + 𝐺𝑎𝑖𝑟 (2.14) 
with 
 













where m is the number of uniform anchors, κ is the thermal conductivity, Aanchor is the cross-
sectional area of the anchors, Lanchor is the length of the anchors, ε is the emissivity of the surface 
material, Ares is the top surface area of the resonator, σB is the Stefan-Boltzmann constant, Tres is 
the temperature of the resonator and Lgap is the length of the height of the air surrounding the 
suspended resonator. The air and radiative loses from the sides of the resonator are considered 
negligible due to insignificant surface area of the sides relative to the top and bottom of the 
resonator. For resonators near room temperature, the anchor loss tends to dominate and the 
responsivity can be increased by increasing the conductivity of the anchor materials, decreasing 
the cross-sectional area of the anchors, or increasing their length. SOA thermal detectors can have 
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Gth values as low as 10-8 W/K before radiation losses become significant. However, a tradeoff exists 
in decreasing the thermal conductance to increase responsivity, because the response time of the 






where the thermal time constant τ is inversely proportional to the thermal conductance. 






where uj is the Johnson noise, uth is the thermal noise, and ub is the background noise. The Johnson 
noise is the noise generated by thermal agitation of charge carriers and is defined as: 
 𝑢𝑗 = 4 ∙ 𝑘𝐵 ∙ 𝑇 ∙ 𝑅 ∙ Δ𝑓 (2.20) 
where kB is Boltzmann’s constant, T is the temperature, R is resistance, and Δf is the measurement 
bandwidth. The thermal noise is the noise generated due to heat conductance variations arising 
from the finite conductance of the anchors: 
 𝑢𝑡ℎ = 4 ∙ 𝑘𝐵 ∙ 𝑇
2 ∙ 𝐺𝑡ℎ (2.21) 
and the background noise is the noise generated by radiative heat exchange between the detector 
and the surrounding environment: 
 𝑢𝑏 = 8 ∙ 𝑘𝐵 ∙ 𝐴𝑟𝑒𝑠 ∙ ∙ 𝜎𝐵 ∙ (𝑇𝑑
5 − 𝑇𝑏
5) (2.20) 
where Td is the detector temperature and Tb is the background temperature. Methods for 
decreasing the NEP of the resonant AlN MEMS thermal detectors by decreasing noise and 




Chapter 3. Metamaterial Absorbers 
Metamaterials are artificial composite structures that can be tuned via their geometry to create 
homogeneous effective electric permittivity ε(ω) and magnetic permeability μ(ω) that are not 
readily attainable in conventional materials [28]. Their exotic electromagnetic properties have 
been leveraged for applications such as perfect lenses [29] and cloaking devices [30].   
3.1. Metamaterial Perfect Absorbers 
Another application of particular interest for infrared detectors are metamaterial “perfect” 
absorbers [31]. It has recently been shown that it is possible to design MPAs with near 100% 
absorption over specific long wave infrared wavelength ranges [32]. Typically, MPAs consist of 
sub-wavelength, periodically patterned top electrodes separated from a bottom electrode by a 
dielectric layer as shown in Fig. 3.1. When electromagnetic energy is incident onto the top 
surface, the energy may be reflected, transmitted, absorbed, scattered or excited into surface 
electromagnetic waves. The MM surface can be considered as homogeneous because each 
subwavelength unit cell absorbs independently. For LWIR, the average surface roughness of 
sputtered films is much smaller than the wavelength, so scattering effects can be ignored [32]. 
Likewise, for flat surfaces, surface electromagnetic waves will attenuate out before they re-
scatter, and therefore are not a form of energy loss in the system [33]. Thus, incident waves will 
either be reflected (R), transmitted (T) or absorbed (A) as governed by the relationship: 
 1 = 𝑅 + 𝑇 + 𝐴 (3.1) 
To obtain zero reflection, the metamaterial is geometrically tuned to impedance match free 
space. The reflectance of an electromagnetic wave incident upon a magneto-dielectric medium, 
characterized by effective permittivity (𝜔) = 𝑟(𝜔) 0 and effective permeability 𝜇(𝜔) =
𝜇𝑟(𝜔)𝜇0, can be described using the Fresnel equations:  









































where 𝑛 = √ 𝑟𝜇𝑟 is the index of refraction of the metamaterial with relative permittivity and 
permeability εr and μr respectively, θ is the angle of the incident electromagnetic wave and r is 
the reflection coefficient of the interface. 
  The reflectance can be minimized by optimally setting the effective permittivity and 
permeability of the structure. The effective permittivity is controlled by the dimension of the top 
metal electrode. The effective permeability, resulting from the magnetic dipoles generated by 
the anti-parallel surface currents on the top and bottom metal layers, is set by the thickness of 
dielectric slab as graphically demonstrated in Fig. 3.1. 
  However, zero reflectance at the surface does not guarantee perfect absorption since energy 
can be transmitted through the stack or reflected from the bottom layer. Therefore, the metal 
plate on the back side of the dielectric insures that no energy is lost through the back of the MPA, 






where δ is the penetration depth and α(ω) is the frequency dependent absorption coefficient of 
the metal. Finally, a lossy dielectric is chosen so that all of the energy from absorbed waves is 
dissipated in the dielectric. It has been shown that for small dielectric thicknesses (d), even if the 
medium is perfectly impedance-matched to free space, the absorptivity is near zero. Increasing 
d results in increased absorption until the maximum absorption is reached, at which point 
increasing the thickness further increases the absorption bandwidth while the absorption begins 
to decrease [33]. 
In general, there are two top metal geometries for LWIR MPAs: one-dimensional and two-
dimensional as shown in Fig. 3.1. In this section, we will focus on a one-dimensional structure 
composed of thin metal strips, but the two-dimensional case is nearly identical with the caveat 
that the two-dimensional MM is insensitive to the polarization of the incident light. For multiple 
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periods of the MM, the structure is assumed to be uniform in the z-direction and repeating in the 
y-direction with a period of L. The phenomenon of perfect absorption can be described in terms 
of critical coupling to the MM surface, which occurs when a leaky eigenmode of the structure has 
equal resistive and radiative losses. When the MM experiences critical coupling, the incident 
energy is converted into a resistive loss in the insulator without generating reflection. When the 
thickness G of the insulator is large, as seen in Fig. 3.1.c, the radiative loss dominates over the 
resistive loss, resulting in small absorptance due to the highly reflective bottom plate. However, 
for thin G, strong dipole moments are produced between the top and bottom electrodes which 
produce back scattered fields with phase opposite to the waves reflected from the bottom plate. 
These opposite phase waves interfere destructively, reducing the total reflection from the 
ground plate. For appropriately chosen W, L, and G, the ground plate reflection can be totally 
minimized resulting in perfect absorption. Therefore, MPAs are well suited for IR sensing since W 
and L can be set during lithography, allowing for the monolithic production of spectrally selective 
detectors with distinct wavelengths.  
Critical coupling only occurs for incident electric fields perpendicular to the one-dimensional 
strips. For parallel polarizations, the MM strips essentially act as a wire grid polarizer, reflecting 
   
Fig. 3.1. Sketch of MM absorber with (a) polarized parallel strips and (b) unpolarized square dots. 
(c,d) The effect of the thickness of the lossy insulator on radiative loss. (c) For thin insulator layers 
strong magnetic dipoles are induced while for (d) thicker insulator layers the induced magnetic 




nearly all of the incident field. There is therefore an application-dependent tradeoff for 
employing one-dimensional MPAs as thermal detectors. One-dimensional MPAs are not well 
suited for applications where incident light with multiple polarizations must be absorbed, 
because non-perpendicular polarizations will have diminished absorption. Therefore, for 
applications such as imaging objects with rough surfaces, polarization sensitive insensitive 
detectors are preferable since they will absorb nearly 100% of light regardless of the polarization. 
On the other hand, for applications where the detection of only a single polarization is desired, 
one-dimensional MPAs give additional selectivity over two-dimensional polarization insensitive 
MPAs by filtering out undesired polarizations which can mask the desired signal. Applications for 
polarization sensitive detectors include detecting ships against ocean and sky backgrounds [34] 
and detecting missiles obscured by plumes or concealing atmospheric backgrounds [35]. 
Therefore, the type of MM employed can be tailored to the application for optimum 
performance. 
3.2. Modeling MPAs 
Rigorous modeling of MPAs can be conducted using FEM, however due to the periodic nature of 
the MMs, the critical coupling can more quickly be modeled using rigorous coupled wave analysis 
(RCWA). RCWA is a Fourier-space method that uses Floquet functions to solve periodic 
differential equations layer by layer and matching the solution of the electromagnetic wave 
equations at each layer interface. RCWA modeling can quickly show the dependence of 
absorptance on wavelength, geometry etc. The key design parameters for MM are the thickness 
of the insulator and the dimensions of the patterned top electrode as seen in Fig. 3.2. The 
thickness of the insulator sets the peak absorptance, and can optimally be set to achieve near 
perfect absorption. As seen in Fig. 3.2.b, the absorptance is relatively insensitive to small (< 10 
nm) changes in thickness and is therefore unaffected by fabrication variance. Once the ideal 
thickness of the insulator is determined, the top electrode can be set to achieve the desired peak 
absorption wavelength.  
For one-dimensional MM, the resonant wavelength is primarily set by the width of the electrode, 
with wider strips resulting in larger peak absorption wavelengths; see Fig. 3.2.c. Peak absorption 
of perpendicular polarized waves is relatively independent of the spacing L between strips, as 
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seen in Fig. 3.2.d. Consequently, resonators with a range of absorption peaks can be defined 
lithographically by scaling strip widths without significant loss of peak absorptance. For one-
dimensional MM, high absorptance only occurs for incident fields perpendicular to the strips as 
seen in Fig. 3.2.d. 
Two-dimensional MPAs employ the same physical principles as one-dimensional MPAs except 
that they absorb high percentages of both transverse electric (TE) and transverse magnetic (TM) 
polarized incident waves. The most conventional form of two-dimensional MM is formed from 
metal dots on the top surface [36] but they can also consist of the top metal electrode being 
   
Fig. 3.2. RCWA analysis of the absorptance of a 1-D MPA (a) with W = 2 μm, L = 4 μm and varying 
thickness G. (b) Small variations in G result in negligible change in the absorptance, rendering 
the MPA insensitive to small fabrication inconsistencies. (c) The peak absorption wavelength 
plotted as both a function of the strip width W (with L = 4 μm, G = 170 nm) and (d) the period L 




formed into a fishnet [37] or split ring resonators (SRR) [38]. The dependence of an MPA formed 
from top square metal dots similar to those shown in Fig. 3.1.b is shown in Fig. 3.3, with fishnet 
and SRR simulations emitted for brevity. As with the one-dimensional MM, the thickness of the 
insulator sets the maximum absorption and then the peak absorption wavelength is defined by 
the dimensions of the width of the dot. However, for the same electrode dimensions, the 
thickness of the insulator to achieve perfect absorption is greater for two-dimensional MMs than 
one-dimensional MMs due to the change in surface currents in the smaller metal dots. 
Due to the structural similarity between MPAs and MEMS resonators, the same fabrication 






Fig. 3.3 RCWA analysis of the absorptance of a 2-D MPA (a) with W = 2 μm, L = 4 μm and varying 
thickness G. (b) The peak absorption wavelength plotted as both a function of the strip width W 




Chapter 4. MEM3S Detectors 
As discussed in Chapter 2, MEMS resonators have been investigated as a method of improving 
the speed and sensitivity of thermal detectors. However, their ultimate NEP has been limited by 
the use of thin absorbing films on top of the resonators. These films dampen mechanical 
response while also having absorptance values typically on the order of 50%. More importantly, 
traditional film absorbers are wideband, and therefore lack the spectral selectivity required for 
FPAs. MPAs provide both near 100% absorptance as well as monolithic spectral selectivity. 
In the last few years, several groups have investigated the use of MMs with MEMS thermal 
detectors. MEMS devices using both AlN [17] and GaN [39] have been investigated recently and 
showed promising results incorporating MM to achieve high absorption and spectral selectivity. 
Nonetheless, neither takes full advantage of the geometric similarities between MEMS and MM 
to fully integrate the structures. The GaN detectors were developed at the University of Michigan 
and employ a one-dimensional MM absorber on top of the GaN MEMS resonator Fig. 4.1.a. While 
this offers an improvement in absorptance and spectral selectivity over traditional absorbing 
films, it still provides mechanical loading which decrease acoustic performance. The AlN 
detectors were developed at Northeastern University and employ a two-dimensional square dot 
MM Fig. 4.1.b. However, in order to maintain acoustic performance, part of the top MM surface 
is replaced by a metal plate which acts as a reflector, decreasing the net absorptance. Therefore, 
although these devices offer improvements over traditional microbolometers, they did not 
maximize the potential of integrating MEMS and MM completely. This thesis seeks to improve 
on those works and describes seamless hybridization of AlN MEMS resonators with optical MMs 
to form MEM3S detectors without degradation of either optical or electromechanical 
performance. 
4.1. Design of MEM3S Detector 
The MEM3S detectors in this work consist of a suspended piezoelectric AlN film sandwiched 
between patterned top Al and optically thick Pt bottom electrodes. Due to the geometric 
similarities between MM and MEMS, the suspended film stack achieves the near perfect 
absorption and high spectral selectivity of MPAs without diminishing acoustic performance. Each 
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layer in the film stack simultaneously adds functionality in both the acoustic and optical domains. 
In the optical domain, the patterned top electrode and AlN thin film are used to impedance match 
the stack to incident IR radiation, resulting in near 100% absorption at targeted wavelengths. In 
this work, the top electrodes are patterned into one-dimensional strips as shown in Fig. 4.2, 
resulting in polarization sensitive absorption. When the incident plane waves are polarized 
perpendicularly to the strips nearly all of the energy is absorbed and dissipated in the MEM3S 
structure, however for waves that are polarized parallel to the strips, almost no energy is 
absorbed. The bottom metal electrode consists of two slabs of Pt which serve to reflect any 
energy that would be through the detector, instead confining it within the film stack. A simulation 
of the confined magnetic field for a single period of the top MM strips is shown in Fig. 4.2.b, 
where the energy is trapped between the top and bottom electrodes and then dissipated into 
the lossy AlN. For acoustic functionality, the bottom electrodes, one connected to an RF signal 
and the other grounded, serve to create an oscillating electric field in the suspended film stack. 
  
 
Fig. 4.1. (a) Mock-up of GaN MEMS from the University of Michigan [39] with spectrally 
selective MM absorber and (b) SEM image of AlN MEMS with partial MM absorber coverage 




The oscillating electric field is oriented vertically due to the induced charge distribution in the 
electrically floating top electrode, which allows for the excitation of lateral vibrations in the AlN 
film via the piezoelectric d31 coefficient. A simulation of the lateral acoustic vibrations generated 
from a three-dimensional COMSOL simulation is shown if Fig. 4.2.c. 
The 220 nm AlN thin film was chosen to give the highest absorptance over wavelengths from 8-
11 μm with a characteristic absorptance shown in Fig. 4.3.a. The width of the top electrodes was 
     
 
Fig. 4.2. (a) Mock-up of the integrated AlN MEM3S detector and the three-dimensional layout of 
the MEM3S detector in COMSOL for FEM simulation. (b) Transverse cross-sectional view of the 
transverse magnetic field confined in the AlN between the top and bottom electrodes for a single 
period of the MM pattern generated using rigorous coupled wave analysis (RCWA). (c) 
Longitudinal cross-sectional view of the lateral acoustic displacement mode shape of a typical AlN 




then varied to cover that wavelength range, with the parameters of a characteristic set the 
MEM3S detectors are given in Table 4.1. The relatively large lateral dimensions of 200 μm was 
chosen to facilitate alignment of an IR laser source with the detector for testing.  
4.2. Detector Readout 
In addition to the seamless hybridization of MEMS and MM, the MEM3S detectors employ a novel 
readout scheme that facilitates integration in FPAs while simultaneously boosting the 
responsivity. Traditional MEMS thermal detectors rely on readouts that measure the change in 
resonant frequency due to incident IR radiation. In order to measure this resonance shift while 
maintaining low noise performance, expensive and bulky instruments such as frequency counters 
or network analyzers are required. In addition to cost and size, these readout methods require a 
sequential switching process to readout elements one at a time and therefore cannot be scaled 
well for the large number of elements required for FPAs. The MEM3S detectors output a voltage 
that scales linearly with incident IR power, allowing a multiplexed readout of large arrays with 
negligible time or equipment scaling. 
 
Fig. 4.3. (a) Simulated MM absorption of a characteristic MEM3S detector using RCWA. (b) Typical 




When incident mid-IR radiation is absorbed by the AlN MEM3S detector, the resulting increase in 
temperature leads to a decrease in the acoustic resonant frequency due to the thermal expansion 
and general softening of the detector materials. As shown in Fig. 4.4, as the resonant frequency 
decreases there is a change in the impedance of the resonator at a fixed observation frequency. 
If the detector is probed at the observation frequency, then the impedance shift of the resonator 
results in a temperature dependent impedance mismatch (Γ) between the detector and the 
readout circuit which can be converted into a linear voltage output as shown in Fig. 4.5. In order 
to generate the output voltage, a low-power RF signal generator provides a signal that is passed 
through a hybrid coupler to the MEM3S detector. The reflected power is then sent back through 
the hybrid coupler and sent to a commercial power detector that outputs a voltage offset which 
has an inverse logarithmic relation to the power input to the detector. The magnitude of the 
Table 4.1. Parameters  of MEM3S Resonators 
Feature 
Resonator Component 
Material Dimension  (μm) 









2.2, 2.6, 3.4 
































reflection coefficient is logarithmically proportional to frequency near resonance, as seen in Fig. 
4.4.a. Since the TCF of the detector is nearly linear near room temperature, the change in 
resonant frequency is linearly related to the incident IR power. Therefore, the voltage offset 
generated by the power detector has a linear relationship to the incident IR power. The readout 
circuit in Fig. 4.5 can be reconfigured to measure multiple detectors simultaneously by adding 
additional readout elements in parallel. 
  
Fig. 4.4. Representation of the temperature dependent shift in the (a) admittance and (b) reflection 





4.3. Figures of Merit 
In order to characterize the sensitivity of the MEM3S detector, a new FoM is needed that relates 
the responsivity of the detector to its impedance change from incident IR light. Since the output 
of the readout circuit of the MEM3S detector is a voltage offset, the responsivity of the MEM3S 






Therefore, the responsivity is a measure of how efficiently incident LWIR radiation, Pin, can be 
converted first into an impedance change ΔZ and subsequently into a voltage offset ΔV(ΔZ). 
Therefore the responsivity is a function of the impedance change relative to temperature. To 
maximize the responsivity, and therefore the NEP of the MEM3S detector, the observation 
frequency is chosen to be between the series and parallel resonances where the change in 
impedance with respect to frequency, and therefore temperature and incident power, is 
greatest; see Fig. 4.4. Therefore, the MBVD model in Eq. 4.5 can be rewritten to account for the 
temperature dependence of the resonator impedance.  
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In order to relate the impedance and responsivity of a MEM3S detector, a quantity called the 
temperature coefficient of impedance (TCZ) is introduced: 
 










∙ 𝑇𝐶𝐹 (4.3) 
The TCZ is defined as the percentage change in the detector impedance at the observation 
frequency ω0 per K and is therefore analogous to the temperature coefficient of resistance (TCR) 
used for microbolometers [40]. Due to the complex nature of the resonator impedance, we 
further define a quantity TCΓ, which is defined as the percentage change reflection coefficient at 
the detector at observation frequency ω0 per K: 
 










∙ 𝑇𝐶𝐹 (4.4) 
As seen in Fig. 4.4, for high Q resonators, the impedance transition between series and parallel 
resonance is enhanced, resulting in an increased TCΓ for detectors that have their operation 
frequency placed optimally between resonance peaks. Therefore, the responsivity can be re-
written in terms of TCΓ to account for its dependence on resonator Q: 
 
ℛ =
𝐺 ∙ 𝑇𝐶Γ(𝑄) ∙ ∆𝑇
𝑃𝑖𝑛
 (4.5) 
where G is a constant representing the voltage gain of the readout circuit. For the readout circuit 
employed in this thesis, a ZX47-55LN-S+ power detector from Mini-Circuits is used to convert the 
reflected signal into an output voltage (Fig. 4.6). Therefore, G is the responsivity of the 
commercial power detector which is -25 V/dBm. The fact that the responsivity of MEM3S 
detectors scales with increased Q, as shown in Fig. 4.7, provides a significant advantage when 






Fig. 4.6. Responsivity of ZX47-55LN-S+ commercial power detector from Mini-Circuits.  
 
 





4.4. Measurement Setup 
The measurement setup, shown in Fig. 4.8, consists of an Access Laser L4G CO2 laser, capable of 
both pulsed and continuous wave operation, which is used illuminate the AlN MEM3S DUT with 
IR light that can be tuned from 9.2 μm to 10.7 μm. A 50/50 Zinc Selenide beam splitter is placed 
in the path of the beam to divert half of the output power to a Thorlabs digital power meter to 
characterize the total power produced by the L4G laser. From the total power, the IR power 
incident on the DUT is extracted from the beam power density by measuring the beam profile 
incident on the MEM3S detector. The power density of the beam is calculated using the test setup 
shown in Fig. 4.9. The DUT is removed and replaced by a razor blade which is moved across the 
beam path via a micrometer. The razor blade is highly reflective with a very uniform edge, and 
can be used to block the beam with micron-level precision. A Thorlabs digital power meter 
located beneath the plane of the blade measures the beam profile as a function of the razor 
 
Fig. 4.8. Measurement setup for characterizing the AlN resonator. A CO2 laser, of which the 
emission is depicted graphically in red, was aligned to the MEM3S resonator using an infrared 
camera. Radiative IR power from the laser was used to heat the MEM3S resonator which was 




position. From the measured profile and the measured output power of the laser, the amount of 
power incident on the 200 μm x 200 μm DUT can be extracted. 
Since LWIR is invisible to the human eye, a commercial Seek Compact Thermal Imager is used to 
center the beam over the DUT as shown in Fig. 4.10. To illuminate the DUT under the Seek 
camera, the MEM3S top electrodes are configured from parallel strips into a meandering line by 
shorting the tops and bottoms of alternating traces as show in Fig. 4.10.a, with negligible change 
in the optical properties. DC probes are used to apply a voltage differential across the meandered 
trace creating a current along it. The generated current creates Joule heating in the resistive 
trace, increasing the temperature of the DUT so that it can be seen in the Seek camera. Once the 
beam is aligned with the illuminated devices, the biasing voltage is turned off so that the incident 
IR power is the only active heating source.  
 
 
Fig. 4.9. (a) Measurement setup for characterizing the intensity of the laser beam profile and the 





4.5. Experimental Validation 
The MEM3S detectors were fabricated using the process detailed in Appendix B. The fabricated 
devices, shown in Fig. 4.11, exhibited significant warping due stresses developed in the AlN film 
during deposition and the anchoring scheme which likely contributed damped the maximum 
resonator Q values. The anchor geometry was designed to decrease heat transfer between the 
resonator and surrounding substrate in order to increase responsivity, but alternative anchor 
schemes can provide more support to minimize warping. Although MEM3S detectors with a range 
of MM geometries to span the LWIR spectrum were fabricated, for concise discussion only a 
single device with WAl = 2.6 μm and LAl = 4 μm are discussed in this section. Other detectors with 
alternative MM designs demonstrate similar performance, with the exception of peak absorption 
resonance for which multiple MM designs will be demonstrated. 
The TCF of the detectors was measured using a Lakeshore temperature controlled RF probe 
station at high vacuum to be -39 ppm/K (Fig. 4.12.a) which is significantly larger than the bulk AlN 
TCF value of ~ -25-30 ppm/K. The deviation from the bulk value is due to the increased 
contribution of the temperature coefficients of elasticity of the relatively thick Pt and Al layers 
and the diminished TCF of increasingly thin AlN films. 
 
Fig. 4.10. (a) Mock-up of  MEM3S detector with its serpentine heating trace. Images of MEM3S 
detector through SEEK infrared camera that was used to center the laser on the DUT with (b) the 




To maximize the sensitivity of the MEM3S thermal detector, the optimum observation frequency 
is first determined. Using an Agilent N5230A performance network analyzer (PNA), the resonant 
admittance response of the MEM3S detector is measured, yielding series and parallel resonance 
frequencies of 33.19 MHz and 33.31 MHz respectively. By fitting the measured admittance data 
to the MBVD model, a kt2 of 0.66% and a Q of 870 were extracted. While AlN LVR resonators have 
previously shown Qs over 4000 [41], the stress induced warping of the MEM3S resonators likely 
diminished their ultimate Q. The TCΓ of the MEM3S detector is extracted by applying Eq. 4.3 to 
the measured admittance data and is found to be 6%. Despite the moderate Q value of 870, the 
extracted TCΓ is larger than the value of TCR found in vanadium oxide (2-5%) and amorphous 
silicon (3%) [7]. 
Once the series and parallel resonance frequencies were known, the range of the MEM3S 
detector was characterized. Using the readout circuit setup in Fig. 4.5, an RF signal generator is 
used to sweep the observation signal around the two resonance frequencies and the resulting 
output voltage differential measured and shown in Fig. 4.12.b. The swept observation signal 
mimics the behavior of the detector when the observation signal is fixed and the resonance shifts 
due to absorbed IR radiation. Observing the output voltage due to the swept input signal, there 
 
Fig. 4.11. (a) SEM image of the top view of the MEM3S detector with (b) significant warping due to 
film stress. Detailed fabrication information can be found in Appendix B. 
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are two regions of linear voltage change with respect to frequency on either side of series 
resonance. The higher frequency linear region has a steeper slope dV/df, and therefore 
sensitivity, due to the sharper impedance change between series and parallel resonance. Using 
the -39 ppm/K TCF measurement, a temperature range of 26 K over which the readout circuit 
output voltage is linear is extracted, representing the ideal operating range of the MEM3S 
detector. At room temperature, the observation frequency is set at 33.21 MHz, near the bottom 
of the ideal operating range, so that as IR light is absorbed and the resonant frequency decreases, 
the observation signal remains in the linear regime for the maximum range of input power. 
The thermal time constant of the MEM3S detector is determined by operating the L4G CO2 laser 
in pulsed wave mode and measuring the transient voltage response of the detector. Additional 
measurements were made by applying a square wave voltage to the meandering MM trace to 
 
Fig. 4.12. (a) Measured variation of series resonant frequency with respect to temperature. (b) 
Detector voltage response compared to resonator electromechanical performance. 
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apply time-varying Joule heating. The transient response of the MEM3S detector is shown in Fig. 
4.13 for 100 Hz laser pulse with a 50% duty circle. A thermal time constant of τ = 400 μs is 
measured for the laser driven response and confirmed by the current driven heating. The smaller 
magnitude voltage offset for the Joule heated response is due to current limitations in the thin 
meandered Al electrode. The 400 μs time constant could be further raised/lowered at the cost 
of increased/decreased responsivity by altering the dimensions of the anchors to change the 
thermal conductance. 
However, since sensitivity is typically the primary performance metric for thermal detectors, the 
anchors are chosen low thermal conductance to increase the responsivity. The responsivity is 
characterized by fixing the wavelength of the L4G laser in continuous wave mode and modulating 
the power incident on the detector. Since the L4G laser does not have built-in power control, a 
KRS5 polarizer is placed between the L4G and the ZnSe beamsplitter. Since the L4G is linearly 
polarized, the output power of the laser, and therefore the incident power onto the detector, 
can be tuned continuously from 0 to 100% by manipulating the orientation of the KRS5 polarizer 
relative to the beam polarization. The measured responsivity of the MEM3S detector is shown in 
Fig. 4.14. The responsivity is found to be a constant value of 33 V/W over a 1.3 mW range, 
corresponding to the 26 K linear range of the of the detector. The more power incident upon the 
detector, the lower its resonant frequency shifts. Beyond 1.3 mW of incident power, the detector 
is heated more than 26 K above room temperature, and the observation frequency is shifted out 
of the linear operating range. For even higher incident powers, the responsivity begins to go to 
zero as the observation frequency becomes further and further away from series resonance. The 
responsivity value is limited by the moderate Q, and therefore TCZ, as well as the responsivity of 
the commercial power detector used in the readout circuit.  
The MEM3S detectors were designed with MM sufficient to span the 8 – 12 μm LWIR range. The 
optical reflectance of the fabricated AlN MEM3S detectors is measured by a Bruker V80 Fourier 
Transform Infrared (FTIR) spectrometer. Since the transmission through the optically thick Pt 
electrode covering the bottom of resonator is considered negligible, the absorptance is 
determined as A = 1 – R. The measured absorptance of three characteristic MM topologies is 
37 
 
shown in Fig. 4.15, demonstrating the lithographic control of peak absorption wavelength due to 
the definition of the top electrodes. High spectral selectivity, due to peak absorption greater than 
80% and a full-width-half-maximum (FWHM) of 1.02 μm for the MEM3S detector optimized for 
absorption at 9.6 μm. To confirm the low transmission assumption, the FTIR measured 
 
Fig. 4.13. Measured transient response of MEM3S detector with WAl = 2.6 μm and LAl = 4 μm to IR 
radiation with a modulation frequency of 100 Hz and a duty cycle of 50%. 
 




absorptance of the 9.6 μm centered device compared to the extracted spectral selectivity of the 
device. The spectral selectivity is extracted using the setup in Fig. 4.7 by tuning the L4G laser 
output from 9.2 μm to 10.8 μm and measuring the change in readout voltage while keeping the 
incident power on the detector fixed. The absorptance is then calculated as 𝐴 = ∆𝑉/(𝑅𝑉𝑃𝑖𝑛𝑐), 
where 𝑅𝑉 is the measured responsivity, and plotted in Fig. 4.15.b. The limited data points in Fig. 
4.15.b are due to the discrete lazing lines located across the L4G’s working range of 9.2 μm to 
10.8 μm. The excellent agreement between the measured and extracted absorption confirms the 
negligible transmission assumption at well as the greater than 80% absorption measurement. 
  
 
Fig. 4.15. (a) Measured reflectance of the detectors with MM spanning the mid-IR spectrum. (b) 
Comparison of the measured and extracted absorptance of a single device as a function of the 




Chapter 5. Conclusion 
The hybridization of AlN MEMS thermal detectors and MPAs provides the opportunity to 
significantly improve upon the current uncooled microbolometer SOA and open up massive, 
previously inaccessible infrared detection and imaging markets. In this work, the potential of fully 
integrated AlN MEMS resonators and MPAs is demonstrated, showcasing fast thermal response 
(𝜏 = 400 𝜇𝑠 ), and high spectral selectivity (absorption >80% with FWHM = 1.02 μm for detector 
optimized at 9.6 μm). Leveraging the temperature dependent impedance change of the MEM3S 
detector, our readout circuit outputs a voltage proportional to incident IR power up to 1.3 mW, 
which corresponds to a temperature range of 26 K. This novel readout system and MEM3S 
detectors has the potential to be scaled into large multiplexed focal plane arrays. The work 
highlighted in this thesis represents an important step in improving upon current 
microbolometers FPAs as well as providing insight on the future potential of this work. Future 
work by the author in this area will consist fabricating arrays of MEM3S detectors and a custom-
built readout circuit to demonstrate small scale FPA imaging as well as investigating noise 
mitigation techniques to maximize NEP. 
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Appendix A. Comparison of Photon and Thermal FPAs 
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Table A.2. FoM of a Sample of Commercial Photon Detector FPAs [1] 


















































































Appendix B. Detailed Fabrication Process 
 
The fabrication procedure is as follows: 
(1) A high-resistivity, single-sided silicon (Si) wafer is cleaned using a standard wafer 
cleaning technique of acetone rinse -> isopropanol (IPA) rinse -> deionized (DI) water 
rinse -> IPA rinse -> nitrogen (N2) dry. The wafer is then baked at 110 °C for 2 minutes 
to remove all moisture from the surface and then placed inside a Diener Plasma 
Descum System for an oxygen (O2) descum at 250 W for two minutes to remove 
residual surface contaminants. Next an adhesion layer of hexamethyldisilazane 
(HMDS) followed by a layer of AZ 5214E image reversal photoresist (PR) are spun 
onto the wafer separately at 4000 rpm for 30 seconds. After spinning the resist, the 
wafer is baked at 110 °C for 50 seconds and then the PR is exposed in an EVG 620 
      




mask aligner using vacuum hard contact and a constant dose of 180 mJ/cm2. After 
exposure, the wafer is baked at 120 °C for 30 seconds which serves to reverse the 
exposed PR from positive to negative, reducing flyoff of the bottom electrode layer. 
The wafer is then flood exposed at a constant dose of 250 mJ/cm2. The wafer is then 
developed in a 1:4 solution of AZ 400K developer to DI water, resulting in the 
removal of the non-reversed features. 
(2) A CHA SEC-600 evaporator is used to e-beam evaporate a 8 nm adhesion layer of 
titanium (Ti) on top of the developed PR, followed by an 80 nm platinum (Pt) layer. 
(3) The PR is removed is a bath of acetone undergoing ultrasonic agitation resulting in 
the formation of the bottom electrodes. 
(4) A 220 nm layer of aluminum nitride (AlN) is reactively sputtered on top of the Si 
wafer with Pt electrodes by the Nanofabrication Facility at Carnegie Mellon 
University. 
(5) The cleaning process in step (1) is repeated and then HMDS followed by AZ 1518 
positive PR is spun onto the wafer at 4000 rpm for 30 seconds each. The top 
electrode layer is then aligned with the Pt bottom electrodes in the EVG-620 and 
exposed in vacuum hard contact mode with a constant dose of 85 mJ/cm2. The wafer 
is then developed in a 1:1 solution of AZ Developer and DI water to remove the 
exposed features and define the top electrode pattern. 
(6) A 60 nm aluminum (Al) film is sputtered onto the surface of the wafer using an AJA 
8 gun sputtering system and then the top Al electrodes are defined via liftoff as the 
remaining PR is removed in an ultrasonic acetone bath. 
(7) The cleaning process in step (1) is again repeated, with the exception of the O2 
descum which is skipped to reduce the oxidation of the Al electrodes. Layers of 
HMDS and then SPR 220 positive PR are spun onto the surface of the wafer at 3000 
rpm for 30 seconds and then exposed in the EVG 620 using vacuum hard contact and 
a constant dose of 140 mJ/cm2. The release windows are then defined via 
development in a 1:4 solution of AZ developer to DI water for 4 minutes. 
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(8) A PlasmaTherm ICP RIE system is used to etch the AlN in the release windows using 
a recipe of 5 sccm borine trichloride (BCl3), 20 sccm chlorine (Cl) and 20 sccm of 
argon (Ar) with an ICP power of 200 W and an RIE power of 80 W, resulting in a 150 
nm/min etch rate. 
(9) The PR mask is removed in an ultrasonic acetone bath. 
(10) The resonator is released in a Xactix XeF2 etching system by isotropically etching the 





[1] A. Rogalski, “History of infrared detectors,” Opto-Electronics Rev., vol. 20, no. 3, pp. 279–308, 
2012. 
[2] R. Ciupa and A. Rogalski, “Performance limitations of photon and thermal infrared detectors,” 
Optoelectron. Rev., pp. 257–266, 1997. 
[3] W. Kosonocky, “State of the art in Schottky-barrier IR image sensors,” Proc. SPIE, vol. 1, no. 1 992, 
pp. 9–13, 1992. 
[4] H. C. Liu, “Photoconductive gain mechanism of quantum-well intersubband infrared detectors,” 
Appl. Phys. Lett., vol. 60, no. 12, pp. 1507–1509, 1992. 
[5] P. W. Kruse, “High TC superconducting IR detectors,” in SPIE 1292, Superconductivity Apllications 
for Infrared and Microwave Devices, 1990. 
[6] A. Rogalski, “Infrared detectors: Status and trends,” Prog. Quantum Electron., vol. 27, no. 2–3, 
pp. 59–210, 2003. 
[7] F. Niklaus, C. Vieider, and H. Jakobsen, “MEMS-based uncooled infrared bolometer arrays: A 
review,” in Proceedings of SPIE - The International Society for Optical Engineering, 2007, vol. 
6838, p. 68360D–68360D–15. 
[8] A. Graf, “Review of micromachined thermopiles for infrared detection,” Meas. Sci. Technol., vol. 
18, 2007. 
[9] P. W. Kruse, Uncooled Thermal Imaging Arrays, Systems, and Applications. Bellingham, USA: SPIE, 
2001. 
[10] A. Rogalski, “Infrared detectors for the future,” Acta Phys. Pol., vol. 116, 2009. 
[11] M. R. Watts, “Optical resonators: Microphotonic thermal imaging,” Nat. Photon., vol. 1, 2007. 
[12] R. Yang, Z. Wang, and P. X.-L. Feng, “Calibrating temperature coefficient of frequency (TCF) and 
thermal expansion coefficient (α) of MoS 2 nanomechanical resonators,” in Frequency Control 
Symposium & the European Frequency and Time Forum (FCS), 2015 Joint Conference of the IEEE 
International, 2015. 
[13] F. Mohd-Yasin, D. J. Nagel, and C. E. Korman, “Noise in MEMS,” Meas. Sci. Technol., vol. 21, no. 1, 
p. 12001, 2009. 
[14] M. B. Pisani, K. Ren, P. Kao, and S. Tadigadapa, “Application of micromachined Y-cut-quartz bulk 
acoustic wave resonator for infrared sensing,” J. Microelectromechanical Syst., vol. 20, no. 1, pp. 
288–296, Feb. 2011. 
[15] V. J. Gokhale and M. Rais-Zadeh, “Uncooled infrared detectors using gallium nitride on silicon 
micromechanical resonators,” J. Microelectromechanical Syst., vol. 23, no. 4, pp. 803–810, Aug. 
2014. 
[16] Y. Hui and M. Rinaldi, “High performance NEMS resonant infrared detector based on an 
46 
 
aluminum nitride nano-plate resonator,” in Proceedings of IEEE Solid-State Sensors, Actuators 
and Microsystems (Transducers 2013), 2013, pp. 968–971. 
[17] Y. Hui, J. S. Gomez-Diaz, Z. Qian, A. Alù, and M. Rinaldi, “Plasmonic piezoelectric nanomechanical 
resonator for spectrally selective infrared sensing,” Nat. Commun., vol. 7, p. 11249, Apr. 2016. 
[18] T. C. Bond, G. D. Cole, L. L. Goddard, and E. M. Behymer, “Photonic MEMS for NIR in-situ gas 
detection and identification,” Proc. IEEE Sensors, pp. 1368–1371, 2007. 
[19] Z. Qian, S. Kang, V. Rajaram, and M. Rinaldi, “Narrowband MEMS resonant infrared detectors 
based on ultrathin perfect plasmonic absorbers,” in IEEE Sensors 2016, pp. 1–3. 
[20] M. Breen, W. Streyer, R. Lu, A. Gao, D. Wasserman, and S. Gong, “High speed mid-infrared 
detectors based on MEMS resonators and spectrally selective metamaterials,” in 2016 IEEE 
International Frequency Control Symposium (IFCS), 2016, pp. 1–6. 
[21] S. Trolier-Mckinstry and P. Muralt, “Thin film piezoelectrics for MEMS,” Journal of 
Electroceramics, vol. 12, no. 1–2. pp. 7–17, 2004. 
[22] G. Piazza, P. J. Stephanou, and A. P. Pisano, “Piezoelectric aluminum nitride vibrating contour-
node MEMS resonators,” J. Microelectromechanical Syst., vol. 15, no. 6, pp. 1406–1418, Dec. 
2006. 
[23] G. Piazza, “Contour-mode aluminum nitride piezoelectric MEMS resonators and filters,” in 
MEMS-Based Circuits and Systems for Wireless Communication, 1st ed., New York, NY USA: 
Springer, 2013, pp. 29–54. 
[24] M. Pereira Da Cunha et al., “Wireless acoustic wave sensors and systems for harsh environment 
applications,” in 2011 IEEE Radio and Wireless Week, RWW 2011 - 2011 IEEE Topical Conference 
on Wireless Sensors and Sensor Networks, WiSNet 2011, 2011, pp. 41–44. 
[25] M. Sheplak, L. Cattafesta, T. Nishida, C. B. Mcginley, and A. Engineer, “MEMS shear stress 
sensors: Promise and progress,” Comput. Eng., no. July, pp. 1–13, 2004. 
[26] K. Maenaka, “MEMS inertial sensors and their applications,” 2008 5th Int. Conf. Networked Sens. 
Syst., no. c, pp. 71–73, 2008. 
[27] Z. Qian, Y. Hui, and M. Rinaldi, “Effects of volume scaling in AlN nano plate resonators on quality 
factor,” in 2016 IEEE International Frequency Control Symposium (IFCS), 2016, pp. 1–3. 
[28] R. Marqués, F. Martín, and M. Sorolla, Metamaterials with Negative Parameters: Theory, Design, 
and Microwave Applications. Hoboken, New Jersey: John Wiley & Sons, 2007. 
[29] J. B. Pendry, “Negative refraction makes a perfect lens,” Phys. Rev. Lett., vol. 85, no. 18, pp. 
3966–3969, 2000. 
[30] D. Schurig et al., “Metamaterial electromagnetic cloak at microwave frequencies,” Science, vol. 
314, no. 5801, pp. 977–980, 2006. 
[31] C. Wu et al., “Large-area wide-angle spectrally selective plasmonic absorber,” Phys. Rev. B - 
Condens. Matter Mater. Phys., vol. 84, no. 7, 2011. 
47 
 
[32] J. A. Mason, S. Smith, and D. Wasserman, “Strong absorption and selective thermal emission 
from a midinfrared metamaterial,” Appl. Phys. Lett., vol. 98, no. 2011, pp. 2009–2012, 2011. 
[33] C. M. Watts, X. Liu, and W. J. Padilla, “Metamaterial electromagnetic wave absorbers,” Adv. 
Mater., vol. 24, no. 23, 2012. 
[34] A. W. Cooper, W. J. Lentz, and P. L. Walker, “Infrared polarization ship images and contrast in the 
MAPTIP experiment,” in Image Propagation Through the Atmosphere, 1996, vol. 2828, pp. 85–96. 
[35] S. L. Hammonds and D. Lianos, “Ultraviolet/visible polarimetric signatures for discrimination,” in 
SPIE 2265, Polarization Analysis and Measurement II, 1994, vol. 2265, p. 468. 
[36] H. Wang and L. Wang, “Perfect selective metamaterial solar absorbers,” Opt. Express, vol. 21, no. 
S6, pp. A1078–A1093, 2013. 
[37] K. B. Alici and E. Ozbay, “A planar metamaterial: Polarization independent fishnet structure,” 
Photonics Nanostructures - Fundam. Appl., vol. 6, no. 1, pp. 102–107, 2008. 
[38] C. Rockstuhl et al., “Resonances of split-ring resonator metamaterials in the near infrared,” Appl. 
Phys. B Lasers Opt., vol. 84, no. 1–2, pp. 219–227, 2006. 
[39] V. J. Gokhale, P. D. Myers, and M. Rais-zadeh, “Subwavelength plasmonic absorbers for spectrally 
selective resonant infrared detectors,” IEEE SENSORS Proc., 2014. 
[40] B. Wang, J. Lai, H. Li, H. Hu, and S. Chen, “Nanostructured vanadium oxide thin film with high TCR 
at room temperature for microbolometer,” Infrared Phys. Technol., vol. 57, pp. 8–13, 2013. 
[41] S. Gong, N. K. Kuo, and G. Piazza, “GHz AlN lateral overmoded bulk acoustic wave resonators with 
a f∙Q of 1.17x10^13,” in Proceedings of the IEEE International Frequency Control Symposium and 
Exposition, 2011. 
 
 
